We developed a microfluidic flow-control system capable of dynamically generating various flow patterns on demand. The flow-control system is based on novel magnetoactive sponges embedded in microfluidic flow channels. Applying a non-uniform magnetic field compresses the magnetoactive sponge, significantly reducing porosity and hydraulic conductivity. Tuning the applied magnetic field can dynamically vary the flow rate in the microfluidic channel. Pulsatile and physiological flow patterns with frequency between 1 and 3 Hz, flow rates between 0.5 and 10 μL min −1 and duration over 3 weeks have been achieved. Smooth muscle cells in engineered blood vessels perfused for 7 days aligned perpendicular to the flow direction under pulsatile but not steady flow, similar to the in vivo orientation. Owing to its various advantages over traditional flow-control methods, the new system potentially has important applications in microfluidic-based microphysiological systems to simulate the physiological nature of blood flow.
Introduction
Microfluidic chips 1 have been widely used in biological and biomedical fields such as three-dimensional cell culture systems, 2 single cell analysis and sorting, 3 cell-containing microsphere generation, 4 and protein concentration analysis. 5 More recently, microphysiological systems that incorporate the key functions of individual organs and enable interactions among different microphysiological units have been successfully implemented with microfluidic systems. [6] [7] [8] [9] [10] These microfluidic-based microphysiological systems provide a novel platform to simulate normal and pathological functions for prolonged periods of time, representing human physiology for the evaluation of drug efficacy and toxicity. It is anticipated that the microphysiological systems will eventually enable rapid and high fidelity evaluation of safety and efficacy for various candidate therapeutics. In order to accurately represent human physiology, it is critical to simulate blood flow patterns in the microfluidic chips of microphysiological systems. For example, physiological pulsatile pressure causes blood vessels to stretch 11 and the mechanical stress generated by the pulsatile flow affects the function of vascular cells. [12] [13] [14] [15] [16] Despite the importance of physiological flows in microphysiological systems, it has been generally challenging to dynamically control flows in microfluidic chips, due to the lack of tunable pumps with suitable dynamic response, the potential of contamination, and the difficulty of generating physiological shear stress for periods ranging from hours to days. 17 Existing microfluidic flow-control mechanisms can be generally divided into two major categories based on methods that use deflection of flexible membranes [17] [18] [19] [20] [21] [22] [23] or external pressure pumps, 24, 25 respectively. The flexiblemembrane-deflection method uses mechanical forces, such as those from piezoelectric pin, magnetic disc, or highpressure compressed air, to deform a thin membrane to seal the channel and thereby stop the flow. However, this method usually creates only on-off flow patterns, and requires relatively complicated fabrication processes such as multiplelayer assembly. As an alternative method, the pressure-pump systems control flow patterns with external pressure pump connected to a set of solenoid valves, an air compressor, a function generator, and a pressure controller. 23, 24 Although the pressure-pump systems can dynamically control flow patterns, applications have been limited due to the complex system configurations and high cost of external supporting equipment. Furthermore, it is not clear whether the pressure- Here, we demonstrate a simple yet effective method to dynamically control microfluidic flows with a wide variety of rates, frequencies and patterns required by microphysiological systems based on novel magnetoactive sponges. [26] [27] [28] The magnetoactive sponge is embedded as a tunable valve across the microfluidic channel (Fig. 1a) . A non-uniform magnetic field is applied on the magnetoactive sponge by simply approaching a bar of magnet to the sponge. The magnetic field compresses the magnetoactive sponge, significantly changing its porosity and therefore hydraulic conductivity. As a result, the flow rate in the channel can be dynamically varied by tuning the magnetic field applied on the sponge. Owning to its simple and low-cost fabrication, fast response, and versatility in controlling microfluidic flows, the new flow-control mechanism based on magnetoactive sponges will potentially find important applications in various microphysiological systems.
We also show the effect of pulsatile flow on the response of engineered blood vessels.
Materials and methods

Fabrication of magnetoactive sponge and microfluidic control device
Polydimethylsiloxane (PDMS) prepolymer and curing agent (Sylgard 184, Dow Corning) were mixed by a weight ratio of 20 : 1. Thereafter, carbonyl-iron powders (Sigma-Aldrich Co., St. Louis, MO) with diameters of 6-9 μm and brown sugar particles with diameters of 100-500 μm were added into the pre-cured PDMS solution and mixed thoroughly. The weight ratio of PDMS, iron powder, and sugar in the resultant mixture was 1 : 3 : 3. After curing the PDMS mixture at 80°C overnight, it was cut into cylinders with height of 5 mm and diameter of 7 mm, which were then placed in deionized water overnight to dissolve the sugar particles. [26] [27] [28] The dissolution of the sugar particles produced interconnected pores in the elastomer, giving a magnetoactive sponge with carbonyl-iron powders embedded in PDMS. Thereafter, the cylinders of magnetoactive sponge were dried and installed in the flow control unit. The flow control device was fabricated by constant-volume-injection method 29, 30 to give channels with height of 1.5 mm and width of 1 mm. A cylindrical chamber was fabricated across the channel to host the magnetoactive sponge (see ESI † for detail fabrication procedure).
System setup for the control of flow pattern
The desired flow patterns were generated by compressing the magnetoactive sponge with a varying magnetic field to change the porosity and hydraulic permeability of the sponge. A neodymium magnet (D76, K&J Magnetics, Inc., Pipersville, PA) with a surface magnetic field of 5071 Gauss (diameter 7/16" and height 3/8") was used to remotely compress the magnetoactive sponge to various strains by varying the distance between the magnet and the sponge. The magnet was installed on top of a mechanical vibrator (SF-9324, PASCO, Roseville, CA) that oscillated vertically. A signal generator (UI-5000, PASCO, Roseville, CA) was connected to the mechanical vibrator to control its movements through input signals from a computer (Fig. 1c) .
Analysis of flow patterns
Flow patterns in the fluidic channels were analyzed using the particle tracking method. 31 Polystyrene microspheres (Polysciences Inc., Warrington, PA) with diameter of 6 μm were dispersed in DI water. Tygon silicone tubing (OD: 3/32", ID: 1/32") was used to connect the inlet of the channel to a 3 mL syringe preloaded with water/microspheres solution. A syringe pump delivered the fluid to the channel. The fluid was allowed to fill the channel and outlet port to avoid wetting effects. The mechanical vibrator was oscillated at frequencies between 1-3 Hz (Fig. 2a ). An inverted microscope (Nikon LV 100) with 20× objective lens (Numerical Aperture: 0.35) was used to record polystyrene microsphere locations over time. The motion of microspheres was recorded at a rate of 30 frames per second by a CCD camera. In order to analyze the flow velocity, the recorded video was extracted at 0.1 second intervals. The moving distance was analyzed by measuring the pixels traveled by the particle from each image ( Fig. 2b ) and flow velocity was obtained by calculating the moving distance per unit time (Fig. 2c) . The obtained data points of flow velocity were fitted to nonlinear Lorentz curve fitting function.
Evaluation of the effect of different flow patterns for the tissue engineered blood vessels
To study the effect of different flow patterns in the physiological system, tissue engineered blood vessels (TEBVs) in a perfusion bioreactor were connected to the microfluidic control device. To prepare the TEBVs, dense collagen gels were produced from type I collagen solution from rat-tail tendon (2.05 mg ml −1 , BD Biosciences) and human bone marrow derived mesenchymal stem cells (hMSCs) were incorporated into the neutralized collagen solution at an average density of 2 × 10 5 cells ml −1 . After gelation at 37°C, dense collagen sheets were produced by applying an unconfined compressive stress of 1 kPa for 5 min. 13 TEBVs were generated by rolling the dense collagen sheet along the long axis of a stainless steel mandrel (2 mm diameter). 13 After these TEBVs were connected to the perfusion chamber (KISTECH, Korea), human peripheral blood derived endothelial progenitor cells ) with microfluidic control device and the chamber was placed in the 5% CO 2 incubator for 7 days at 37°C.
To observe the distribution of vascular extracellular matrix and cellular alignment by different flow patterns, immunofluorescence staining was performed. TEBVs were fixed with 4% paraformaldehyde in PBS for 24 h at room temperature, and permeabilized in a blocking solution, which consisted of 0.03 g ml −1 bovine serum albumin (BSA, Sigma) and 0.1% goat serum (Sigma) in 0.2% Triton X-100 (Sigma) in PBS for 2 h. Type IV collagen and laminin were stained by using anti-type IV collagen antibody (1 : 200; Abcam, Cambridge, MA) and anti-Laminin antibody (1 : 200; Abcam), respectively, followed by the Alexa Fluor 594 goat anti-rabbit secondary antibody (1 : 200; Invitrogen, Carlsbad, CA), respectively. Also, the cell nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI, Molecular Probes). After immunostaining, the samples were then mounted in Fluoro-Gel (Electron Microscopy Sciences, Hatfield, PA) for fluorescent imaging and viewed with a Zeiss LSM 510 inverted confocal microscope. Then, fluorescence images were analyzed using ImageJ for examining the cell alignment by different flow patterns, following a previously published protocol. 32 From the analysis of images, the nuclear area, major and minor axes, and angle between the major axis and the reference direction were then computed. The alignment angles and elongation aspect ratio were calculated accordingly. The biological activity of TEBVs was evaluated after TEBVs were cultured for 7 days with different flow patterns. For examining the response of TEBV for the vasoconstrictor, the chamber connected with TEBVs was placed on a microscope stage (SM3-TZ, Amscope, CA), connected to a video camera and computer with ImageJ software, perfused with a culture media. Vessel diameters were measured before and after perfusion with the vasoconstrictor phenylephrine (1 μM). Media samples were taken to measure nitric oxide (NO) release. Medium samples were frozen at −80°C and lyophilized (Appropriate Technical Resources, Laurel, MD) for 24 h. The lyophilized medium was resuspended into 1/10 of its original volume in double-distilled water (ddH 2 O), and mixed with equal volumes of 1× Greiss Reagent (Sigma) and sample in 96 well plates (BMG Labtech, Ortenberg, Germany). Spectrophotometric absorbance was measured at 540 nm after 15 min. A standard curve was prepared using 0 to 80 μM sodium nitrite solutions in ddH 2 O. The values were analyzed by one-way analysis of variance (ANOVA), followed by nonparametric LSD tests. A p < 0.05 was considered to indicate statistical significance. 
Results and discussion
The temporal flow patterns in the microfluidic channel are controlled by changing the hydraulic permeability of magnetoactive sponge, which is tuned by varying the sponge's pore sizes under compressive strain. The compressive strain in the magnetoactive sponge is induced by the non-uniform magnetic field from the magnet. The applied magnetic field and compressive strains in the magnetoactive sponge are controlled by varying the distance between the magnet and sponge. When the magnet is far away from the sponge (e.g., 5 mm), the sponge is undeformed and maintains its as-fabricated pore size (Fig. 3a) , giving relatively high hydraulic permeability (Fig. 3g) . (See ESI † for the measurement of hydraulic permeability.) As the distance between magnet and sponge decreases, the sponge is gradually compressed, closing its pores and reducing its hydraulic permeability (Fig. 3b) . As the magnet reaches the bottom surface (less than 1 mm) of the control unit (Fig. 3c) , the compressive strain in the sponge reaches 37% of its maximum value and the fluid flow in the channel is fully stopped, due to negligible hydraulic permeability of the deformed sponge with closed pores. The SEM images in Fig. 3d-f demonstrate the variation of pore sizes in the sponges under various levels of compressive strains. Furthermore, when the compressed sponge is suddenly relaxed, the flow control unit can even induce a reverse flow, due to the pressure drop in the sponge chamber. Now, we demonstrated the capability of magnetoactivesponge-based microfluidic system in generating various temporal flow patterns. We first generated pulsatile flow patterns at a frequency of 1 Hz for flow rates ranging from 0.5 μL min . Furthermore, the pulsatile flow patterns generated by the system are stable over 3 weeks. (See ESI † for long term test.) The Hartmann number (Ha) is calculated to estimate the magnetohydrodynamic effects on this system. 33 The Ha for DI water increases from 0 to 1.76 × 10 −3
as the magnet approaches to the fluidic channel, and from 0 to 1.08 for tissue culture media. Since the Ha numbers for both DI water and culture media under maximum magnetic field are relatively low, it is expected that the magnetohydrodynamic effect is relatively insignificant compared with the effect of permeability variation of the sponge under magnetic field. Furthermore, we applied magnetic field to microfluidic channels with DI water and tissue culture media but without the magnetoactive sponge, and we observed insignificant variation of the flow pattern. The resting heart rate is about 60 to 80 beats per minute (bpm, equivalent to 1 to 1.33 Hz) in normal adult human, and about 30 bpm (equivalent to 0.5 Hz) in highly trained endurance athletes. 34 On the other hand, the embryonic heart rate measures up to 155 bpm (equivalent to 2.58 Hz). 35 Therefore, flow patterns with a wide range of frequencies are necessary to mimic the physiological condition in different scenarios. By tuning the input signal from the signal generator, the magnet is able to oscillate with different frequencies in the range of 0.5 to 3 Hz and the magnetoactive sponge varies its hydraulic permeability accordingly. As shown in Fig. 4b and Video S2, † the flow patterns in the microfluidic channel are well controlled according to the input signal with frequencies ranging from 0.5 to 3 Hz. Since the aortic valve is closed during diastole, blood is not allowed to flow, resulting in flow velocity leaving the heart going to zero and then making a pulsatile flow during systole. 36 While implementation of the physiological flows is critical for microphysiological systems, it is challenging to generate such complicated flow patterns with conventional microfluidic chips. A major advantage of the magnetoactivesponge-based microfluidic system is its capability of generating complicated user-defined flow patterns. To achieve the physiological cardiac flow patterns, we prescribe the distance between the magnet and sponge to follow the pattern shown in Fig. 5a by programming the input signal to control the mechanical oscillator. When the magnet stays at the closest position to the magnetoactive sponge, the pores in the sponge are closed and the flow is fully stopped. Thereafter, the pores are opened as the magnet moves away from sponge, generating a pulsatile flow. Fig. 5b and Video S3 † give the resultant flow pattern generated by the magnetoactivesponge-based microfluidic system. Spronk et al. measured the blood waveform at the common femoral artery using ultrasound scanning. 37 They categorized four types of waveform: triphasic, biphasic, sharp monophasic, and poor (blunted) monophasic. Triphasic and biphasic waveforms have sharp systolic forward flow as well as reverse flow during diastole whereas other waveforms have not. They also indicated that the poor monophasic waveform was found in case of aortoiliac obstructive disease. Therefore, mimicking the forward and backward flows is critical for physiological flow patterns in microphysiological systems. As shown in Fig. 5b , the flow pattern generated by the magnetoactive sponge can give both forward and reverse flow, consistent with the blood flow pattern in physiological conditions. As a test of the system, we produced TEBV to evaluate the flow effect on mesenchymal stem cell alignment under the conditions of static, steady flow, and pulsatile flow. Liu et al. performed the in vivo study that showed smooth muscle cells (SMCs) are perpendicularly aligned under non-uniform blood flow but not under static flow. 38, 39 To mimic the pulsatile flow pattern in vivo, a flow control unit was connected to a perfusion chamber containing the TEBV and generated the pulsatile flow for one week at 1 Hz frequency. The culture media was continuously flowed in the closed loop system by peristaltic pump and we have not observed significant fouling or occlusion of the sponge by tissue culture media with proteins over 7 days. Steady flow samples were exposed to a constant flow rate of 2 ml min −1 for one week and static flow vessel was cultured for one week in the media without any flow. Fig. 6a-b shows the confocal microscopic images of cell alignment at each flow condition. Pulsatile flow stimulated perpendicular alignment of cell nuclei to the flow, whereas steady flow produced parallel alignment and static culture engendered random alignment. We further measured the alignment angle of nuclei at each condition (Fig. 6c) . Under static condition, the alignment angles (43.8°± 17.7°) were uniformly distributed in the range of 0°-90°, indicating a random orientation. The mean angles of the nuclei were 25°± 17°for static flow and 68°± 16°for pulsatile flow, respectively. These results are in good agreement with the previous reports. 40, 41 In addition, a higher level of nitric oxide (NO) was released in the perfused TEBV compared to the static culture. Although there is no statistical significance between the two flow conditions (Fig. 6d) . Hemodynamic stimuli, such as cyclic stretch and fluid shear stress, would enhance NO production in response to flow by endothelial NO synthase, as observed in this study. [42] [43] [44] We also examined the functional bioactivity of TEBVs following treatment with the vasoconstrictor phenylephrine, which is an α 1 -adrenergic receptor agonist acting on vascular smooth muscle. 45 Vasoconstriction in response to 1 μM of phenylephrine was higher under pulsatile stimulation (8.90 ± 0.65%) compared to both steady flow (7.33 ± 0.51%) and static culture (4.13 ± 0.47%) as shown in Fig. 6e. A 0.05 level of significance was shown between the pulsatile and steady flow conditions. Also, the result of steady and static flow condition was statistically significant with p-value of less than 0.001. These results indicate that the pulsatile flow provides a more physiologically mimetic environment to improve the maturation of TEBV.
Conclusion
We have successfully developed a flow control system for microfluidic device using novel tunable valve of magnetoactive sponge, which is easy to fabricate and use at low costs. Under non-uniform magnetic fields, the magnetoactive sponge instantaneously shrinks its volume by collapsing the pores and, therefore, reducing its porosity. The effect of pulsatile flow on the cell alignment was also evaluated. When the pulsatile flow was applied, the nucleus of cell was aligned at an angle of 68°± 16°whereas 25°± 17°in static flow. Moreover, pulsatile flow helps to improve TEBV maturation demonstrated by the NO releasing and vasoconstriction tests. As a result, we can instantaneously vary the hydraulic permeability of the sponges on demand by applying magnetic fields. The microfluidic systems with tunable flow patterns are particularly suitable for studying tissues on microfluidic chips by providing physiological environment.
